The role of dispersal in the assembly of microbial communities remains contentious. This study tested the importance of dispersal limitation for the structuring of local soil bacterial communities using an experimental approach of propagule addition. Microbes extracted from soil pooled from samples collected at 20 localities across~400 km in a temperate steppe were added to microcosms of local soils at three sites; the microcosms were then incubated in situ for 3 months. We then assessed the composition and diversity of bacterial taxa in the soils using 16S rRNA gene amplicon sequencing. The addition of the regional microbial pool did not cause significant changes in the overall composition or diversity of the total bacterial community, although a very small number of individual taxa may have been affected by the addition treatment. Our results suggest a negligible role of dispersal limitation in structuring soil bacterial communities in our study area.
Introduction
Ecologists have recognized that local communities are not only controlled by local processes but also governed by large-scale processes such as dispersal and speciation [1] [2] [3] . The traditional view in microbial ecology is that free-living microbes do not experience dispersal limitation; instead, niche processes determine local community structure [4] [5] [6] [7] . This idea has been recently challenged by a large body of research [8] [9] [10] . Studies of microbial biogeography have found that geographic distance and contemporary environmental dissimilarity often jointly explained the spatial variation in microbial community composition. They suggest that both dispersal limitation and niche processes have played important roles in the assembly of microbial communities. Specifically, an increase of dissimilarity in community composition with physical distance when environmental differences were statistically controlled was considered as evidence for dispersal limitation [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, observational studies have limitations that may render their conclusions contentious. For example, it is difficult, if not impossible, to identify and measure all the ecologically relevant environmental factors, particularly biotic factors [9] , and there may exist nonindependence between geographic distance and environmental dissimilarity [10, 24] . Therefore, separating the importance of these two factors has always been challenging.
The observational work has recently been complemented with field experiments that have attempted to decouple physical distance and environmental dissimilarity. The experiments have examined microbial communities colonizing initially sterile microcosms placed in the field in a way that physical distance and environmental conditions (i.e., nutrient media) varied independently [25] [26] [27] [28] . While giving an unambiguous test of dispersal limitation, those experimental approaches have been applied primarily to aquatic habitats and Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00248-018-1284-z) contains supplementary material, which is available to authorized users.
are less practical for soils. Moreover, they need to be carried out over small spatial scales so that climate can be assumed to be homogeneous across the study area.
Here, we report an alternative experimental approach: propagule addition. This experimental approach has been used commonly in plant ecology, usually called Bseed addition experiments^ [29] . In plant communities, the addition of regional propagule pools can often significantly alter the species composition and increase species richness, indicating a limitation of local communities by species arrival [29] [30] [31] [32] [33] . In the present study, a Bregional soil pool^was assembled from soil samples collected at 20 sites across~400 km in a temperate steppe. Extracts of soil microbes from the soil pool were supplemented to microcosms containing local soils from three localities, and the impacts on local bacterial species composition were assessed after a 3-month in situ incubation (see a graphic illustration of the experimental design in supplementary material ESM1: Fig. S1 ). Using this Bpropagule additionâ pproach, we would be able to unambiguously test whether the local bacterial communities were species-saturated (or alternatively, dispersal-limited).
Materials and Methods

Soil Collection and the Propagule Addition Experiment
Soil samples were collected at 20 sites in the eastern part of the Inner Mongolian steppe (northern China) in early June 2014. These sites cover an area of three degrees of latitude and two degrees of longitude and differ in soil type (see supplementary material ESM1: Table S1 ). At each site, soil was collected to a depth of 15 cm and sieved to < 2 mm. A homogenized mixture of the 20 soils was created (with equal amounts of soil from every site), hereafter referred to as Bregional soil pool.^We then chose three localities from the 20 sampling sites to carry out the propagule addition experiment: site A (43°32′N, 116°33′E; soil type, silt), site B (43°33′N, 116°40′E; soil type, silty clay), and site C (43°35′N, 116°44′E; soil type, silty loam). From each of the three experimental localities,~1 L of soil was collected. Thus, we obtained four Boriginal soils^: the pool soil and local soil A, B, and C. A sub-sample from each original soil sample was frozen at − 80°C and used later for analysis of bacterial taxa composition.
A Bregional microbial pool^inoculum was prepared by homogenizing 50 g of the Bpool soil^in 150 mL of sterile demineralized water by grinding and vortexing. Then, experimental soil microcosms were established in 25-mL polypropylene vials (ESM1: Fig. S2 ; each of the vials, with a membrane of 0.2-μm pore size attached to the bottom, had been previously sterilized by 20 kGy gamma irradiation). Every microcosm was assembled by loading local soil, of 12 g equivalent dry mass, into a vial and tightening the screw cap. The membrane attached to the bottom of the vials could prevent microbial migration but allow the exchange of gas and water with the environment. We had three treatments at each experimental site: (i) Bcontrol^microcosms each of which was amended with 1.2 mL of sterile demineralized water, (ii) Baddition-treatmentm icrocosms each of which was amended with 1.2 mL of the regional microbial pool inoculum, and (iii) Bempty habitat colonization^microcosms each of which contained sterilized soil (with 100 kGy gamma irradiation) and was supplemented with 1.2 mL of the regional microbial pool inoculum. The third treatment was used to evaluate the success of our inoculation protocol. We had five replicate microcosms for each treatment and thus 45 microcosms in total (3 sites × 3 treatments × 5 replicates). The microcosms were placed at each of the three localities (A, B, or C) and buried at a depth of 15 cm. After a 3-month Bin situ incubation,^the microcosms were collected and frozen at − 80°C.
Sequencing Analyses of the Bacterial Communities and Inferring the Success of the Propagule Addition Procedure
Two sub-samples from each soil sample were used for DNA extraction, with FastDNA™SPIN Kit for Soil (MP Biomedicals, Santa Aan, CA, USA). We amplified 16S rRNA genes with the universal primer pair 27F (5′-AGAG TTTGATCCTGGCTCAG-3′) and 533R (5′-TTAC CGCGGCTGCTGGCAC-3′), tagged with unique barcodes for each sample. Polymerase chain reactions (PCR) were conducted in a 20-μL reaction volume containing 4 μL (5×) of FastPfu Buffer, 2 μL (2.5 mM) of dNTPs, 0.4 μL (5 μM) of each of forward and reverse primers, 0.4 μL of FastPfu polymerase,~10 ng of template DNA and ddH 2 O. Samples were initially denatured at 95°C for 3 min, amplified for 27 cycles of 30 s at 95°C, 30 s at 55°C, 45 s at 72°C, followed by a final 10-min extension at 72°C. The PCR products were agarose gel verified and purified using the AxyPrep DNA QIAquick Gel Extraction Kit (Axygen, Union City, CA, USA). For each soil sample, the two replicate DNA extracts were amplified and pooled into one sample for amplicon sequencing.
Sequencing was performed on a Roche 454 FLX Genome Sequencer (Shanghai Majorbio Bio-pharm Technology Co., Ltd., China). Raw sequence data were demultiplexed and screened using the QIIME (version 1.17) sequence analysis platform [34] . Sequences were quality trimmed with the following parameters: quality score > 20, sequence length > 200, length of homopolymer < 10, and ambiguous base calls < 1. Chimeric sequences were identified using the UCHIME method [35] and removed. The quality sequences were assigned to soil samples based on their barcodes. Sequences were binned into operational taxonomic units (OTUs) at a 97% similarity threshold with the UPARSE method [36] , and representative sequences were mapped to the OTUs. Then, taxonomy was assigned to OTUs using the RDP classifier against the SILVA taxonomy database [37] .
The success of the experimental inoculation procedure was inferred by analyzing bacterial communities that recovered in the Bempty habitat colonization^microcosms. OTUs detectable from those soils reflected the growth of inoculated bacterial taxa but not the persistence of free DNA molecules of bacterial origin, as the 100 kGy gamma radiation for sterilization before inoculation could kill living cells and degrade soil DNA (confirmed by negative results of extracting DNA from the sterilized soils, evaluated by agarose gel electrophoresis and real-time quantitative PCR). Based on the original (non-rarefied) OTU table (ESM2), 5801 OTUs were detected in the pool soil, of which 2238 were Brecaptured^in at least 1 of the 15 Bempty habitat colonization^microcosms. Of the 2238 recaptured OTUs, 778, 834, and 919 were not detectable in original soils A, B, and C, respectively. Note that this is a conservative inference of the success of the inoculation because the presence of an OTU in the Bempty habitat colonization^microcosms indicates successful inoculation, but the absence of an OTU in those microcosms is not evidence of inoculation failure. It is possible that many bacterial taxa added to the empty habitat colonization microcosms were lost during the recovery incubation, where the initial community size (number of individuals) was~1/30 of the environmental carrying capacity, and fast-growing taxa (r-selected species) may have obtained dominance at the expense of other taxa during the incubation [38] [39] [40] [41] .
Data Analysis
OTU richness, Shannon index, Pielou's evenness, and the difference in community composition were estimated based on rarefied OTU tables at a depth of 18,600 sequences per sample using the vegan package [42] in the R environment [43] . Differences in bacteria taxa composition between soil samples were inferred with the Bray-Curtis dissimilarity index [44] . The pairwise dissimilarity between sample i and j is BC ij = 1 − 2C ij /(S i + S j ), where C ij is the number of OTUs in common between sample i and j, and S i and S j are the total numbers of OTUs counted in sample i and j, respectively. Non-metric multidimensional scaling (NMDS) plots were derived as a representation of the dissimilarity between microcosms, and permutational multivariate analysis of variance (PERMANOVA) was performed with the adonis function to partition the variation in bacterial communities into variation explained by experimental treatment and residuals [45] . The P values obtained were based on 9999 permutations.
Results
Substantial differences in bacterial taxa composition were observed among the regional pool soil and the three local soils used for the propagule addition experiment. The OTU richness values of the pool soil and original soils A, B, and C were 4414, 3710, 4077, and 3778, respectively. The Bray-Curtis dissimilarity indices between the pool soil and soils A, B, and C were 0.52, 0.51, and 0.53, respectively (that is, of the 4414 OTUs detected in the pool soil, 2464, 2334, and 2479 OTUs were not detectable in original soils A, B, and C, respectively; Table S2 ).
In the experimental microcosms, the addition of pool soil bacteria did not lead to a detectable change in community composition at each of the three experimental sites ( Fig. 1a-c ; PERMANOVA tests that include the control and addition-treatment microcosms, site A, F 1, 8 = 1.245, P = 0.381; site B, F 1, 8 = 0.598, P = 0.422; site C, F 1, 8 = 0.391, P = 0.547). The OTU richness did not differ between the control and addition-treatment microcosms ( Fig. 1d-f ; two-sample t test, site A, t 8 = 1.114, P = 0.298; site B, t 8 = − 0.773, P = 0.462; site C, t 8 = − 0.621, P = 0.552), nor did Shannon index ( Fig. 1g-i ; site A, t 8 = 0.776, P = 0.460; site B, t 8 = − 0.956, P = 0.367; site C, t 8 = 0.019, P = 0.985) or Pielou's evenness ( Fig. 1j-l; site A, t 8 = − 0.406, P = 0.695; site B, t 8 = − 0.895, P = 0.397; site C, t 8 = 0.721, P = 0.491). At each experimental site, the empty habitat colonization microcosms showed significant differences in community composition from the control or addition-treatment microcosms ( Fig. S3a-c ; PERMANOVA tests that include the empty habitat colonization microcosm and control or addition-treatment microcosms, P < 0.05). They also exhibited significantly lower OTU diversity (ESM1: Fig. S3d-l ; two-sample t tests, P < 0.05).
Separate analyses were performed for each of the 24 bacterial phyla that were relatively abundant (see relative abundances of those phyla in ESM1: Fig. S4 ). In most cases, neither OTU composition nor richness showed a significant difference between the control and addition-treatment microcosms (Tables 1 and 2 ). Exceptions included Candidate division OP11 at experimental site B (higher OTU richness in addition-treatment relative to control microcosms) and Elusimicrobia at site A (lower OTU richness under addition treatment).
Discussion
This study addresses the importance of dispersal limitation using a propagule addition experimental approach. It is reasonable to expect certain levels of dispersal limitation even in microbes. However, previous studies have provided only mixed evidence. On the one hand, highspeed and long-distance dispersal was observed for certain microbes in studies that traced the sources for microbes of the Bdispersal stages,^e.g., microbes in the air or rainwater [46] [47] [48] [49] . On the other hand, heterogeneous spatial distribution of airborne microbes was inferred even on scales of~10 2 m by field experiments that investigated microbial communities colonizing sterile microcosms [25] [26] [27] [28] . As a matter of fact, the occurrence of dispersal limitation for local community assembly must be determined by the race between stochastic taxa extinction and taxa immigration [8, 9, 28] . Therefore, the information of dispersal patterns per se is not sufficient for estimating the importance of dispersal limitation for community structuring. The propagule addition approach, by inferring the consequences of aided dispersal for natural microbial communities, can unambiguously test for the occurrence of dispersal limitation.
In our experiment, the input of taxa from the regional bacterial taxa pool into local soils did not cause detectable changes in the composition or diversity of the total bacterial communities. The analysis of individual phyla did show significant changes under certain cases; the addition treatment decreased OTU richness of Elusimicrobia at site A and increased OTU richness of Candidate division OP11 at site B. Therefore, evidence appears to exist for dispersal limitation of certain taxa in the phylum Candidate division OP11, although the possibility that this finding arose by chance cannot be ruled out (note that we did not correct the P values in Tables 1 and 2 for multiple comparisons, which, if performed, could certainly reduce the incidence of significant P values). Nonetheless, there was no impact of addition treatment on the overall measures of community composition or diversity. Meanwhile, there were significant differences between microcosms of the empty habitat colonization treatment and the control/ addition treatment in OTU composition (Fig. S3a-c) , suggesting that a large number of bacterial taxa absent from a local soil could actually colonize it in the absence of competition from the resident community. It is likely that both abiotic environmental filtering and Bbiotic filtering( species interactions such as competition from the resident organisms) may have contributed to the failure of the added microbes to invade our Baddition treatment^m icrocosms [50] [51] [52] . Note that the operation of the Bbiotic filtering^may result from both competitive inferiority of the added microbes and priority effects conferred by the residents [53] . Taken together, our results suggest that dispersal limitation, if exists, plays a negligible role in structuring the soil bacterial communities compared with niche processes (or more broadly speaking, selection processes).
Inferring the occurrence of dispersal limitation in microbes may be sensitive to taxonomic resolution. Analyses with finer taxonomic resolutions can more likely detect endemic taxa [9, 18, 54] . Therefore, it is possible that using a finer taxonomic resolution in our experiment could reveal larger differences in taxa composition among the regional soil pool and the three local soils, resulting in a greater chance to detect positive effects of propagule addition on local microbial community structure. In the main text of this article, we reported analyses based on OTUs assigned with a 97% sequence similarity criterion that is commonly used in microbial ecology studies. Analyses were also carried out for OTUs assigned with a 99% sequence similarity threshold, yielding results Table 1 Summary of comparisons between control and addition-treatment microcosms in OTU composition within each of the 24 relatively abundant bacterial phyla (based on PERMANOVA analysis). Significant terms are shown in italics (*P < 0.05; **P < 0.01; ***P < 0.001) and marginally non-significant terms (P < 0. It is noteworthy that our propagule addition approach works well for inferring dispersal limitation in relatively abundant taxa but not for extremely rare taxa. The extract of microbial communities from natural environmental samples was used as inoculum for the propagule addition treatment; thus, taxa that are very rare in the regional pool would have a low probability of being added into the local soils. Therefore, dispersal limitation that exists in the very rare taxa may not be detectable with this experimental approach. Meanwhile, demographic stochasticity may become of large magnitude in our microcosms that were of relatively small size (12 g of soils). It is unclear whether or not the ecological drift processes have affected the effectiveness of our propagule addition approach.
The role of dispersal limitation not only is interesting on its own but also provides critical insights for better designing ecological restoration and bioremediation (which would require collecting organisms of diverse origins if dispersal limitation exists) [55] [56] [57] [58] . Combining different research approaches, particularly biogeography study and propagule addition experiment, may achieve a more comprehensive understanding of the link between microbial dispersal processes and their importance for community assembly [8] .
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